Genome-wide insertion–deletion (InDel) marker discovery and genotyping for genomics-assisted breeding applications in chickpea by Das, S et al.
Full Paper
Genome-wide insertion–deletion (InDel) marker
discovery and genotyping for genomics-assisted
breeding applications in chickpea
Shouvik Das1, Hari D. Upadhyaya2, Rishi Srivastava1, Deepak Bajaj1,
C.L.L. Gowda2, Shivali Sharma2, Sube Singh2, Akhilesh K. Tyagi1,
and Swarup K. Parida1,*
1National Institute of Plant Genome Research (NIPGR), Aruna Asaf Ali Marg, New Delhi 110067, India, and
2International Crops Research Institute for the Semi-Arid Tropics (ICRISAT), Patancheru 502324, Telangana, India
*To whom correspondence should be addressed. Tel. +91-11-26735228; Fax. +91-11-26741658; E-mail: swarup@nipgr.ac.in;
swarupdbt@gmail.com
Edited by Prof. Kazuhiro Sato
Received 6 May 2015; Accepted 25 August 2015
Abstract
We developed 21,499 genome-wide insertion–deletion (InDel) markers (2- to 54-bp in silico fragment
length polymorphism) by comparing the genomic sequences of four (desi, kabuli and wild C. reticu-
latum) chickpea [Cicer arietinum (L.)] accessions. InDel markers showing 2- to 6-bp fragment length
polymorphism among accessions were abundant (76.8%) in the chickpea genome. The physically
mapped 7,643 and 13,856 markers on eight chromosomes and unanchored scaffolds, respectively,
were structurally and functionally annotated. The 4,506 coding (23% large-effect frameshift muta-
tions) and regulatory InDel markers were identiﬁed from 3,228 genes (representing 11.7% of total
27,571 desi genes), suggesting their functional relevance for trait association/genetic mapping.
High ampliﬁcation (97%) and intra-speciﬁc polymorphic (60–83%) potential and wider genetic diver-
sity (15–89%) were detected by genome-wide 6,254 InDel markers among desi, kabuli and wild
accessions using even a simpler cost-effective agarose gel-based assay. This signiﬁes added advan-
tages of this user-friendly genetic marker system for manifold large-scale genotyping applications in
laboratories with limited infrastructure and resources. Utilizing 6,254 InDel markers-based high-
density (inter-marker distance: 0.212 cM) inter-speciﬁc genetic linkage map (ICC 4958 × ICC 17160)
of chickpea as a reference, three major genomic regions harboring six ﬂowering and maturity
time robust QTLs (16.4–27.5% phenotypic variation explained, 8.1–11.5 logarithm of odds) were
identiﬁed. Integration of genetic and physical maps at these target QTL intervals mapped on three
chromosomes delineated ﬁve InDel markers-containing candidate genes tightly linked to the QTLs
governing ﬂowering and maturity time in chickpea. Taken together, our study demonstrated the
practical utility of developing and high-throughput genotyping of such beneﬁcial InDel markers at
a genome-wide scale to expedite genomics-assisted breeding applications in chickpea.
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1. Introduction
Chickpea [Cicer arietinum (L.)] is a self-pollinated annual diploid leg-
umewith a genome size of∼740 Mb.1–3 Globally, chickpea is the third
most important food legume complementing cereals and considered a
vital human dietary source of protein abundant in essential amino
acids.2,3 In the present era of climatic variability, resource scarcity
and fast-growing population, it is necessary to enhance productivity
as well as sustainability of agriculture for circumventing the global
food insecurity. The prime objective of chickpea genomics-assisted
breeding was thus inclined towards developing high-yielding durable
stress tolerant (climate resilient) chickpea cultivars to meet the dietary
demand of increasing population for attaining food security. To
achieve these goals, an effective molecular dissection of these complex
quantitative stress tolerance and yield-contributing traits by identiﬁca-
tion (map-based cloning) of potential trait-associated genes/quantita-
tive trait loci (QTLs) through genetic/association mapping and their
deployment in marker-assisted genetic enhancement of chickpea is es-
sential. Signiﬁcant progress in this regard has been made primarily
through development and high-throughput genotyping of numerous
genome/gene-derived simple sequence repeat (SSR) and single nucleo-
tide polymorphism (SNP) markers in diverse natural and mapping po-
pulations to expedite the process of genetic and association mapping
in chickpea.4–12 Consequently, hitherto very limited number of mar-
kers tightly linked to genes/QTLs governing traits of agronomic im-
portance has been identiﬁed to be exploited for marker-assisted
genetic improvement of chickpea.13 Several studies have documented
the narrow genetic base causing low intra-speciﬁc marker polymorph-
ism as the major hindrance for chickpea genetic improvement.2,14
Henceforth, it is imperative to develop and use numerous genome-
wide informative sequence-based genetic markers in generating high-
density linkage maps and for high-resolution genetic and association
mapping in order to delineate functionally relevant trait-regulatory
genes/QTLs for genomics-assisted crop improvement of chickpea.
Insertion-deletions (InDels) are one of the major sources of struc-
tural variation found widely distributed across the genomes of diverse
plant species, including Arabidopsis, rice, wheat and tomato.15,16 In-
Dels generally arise due to certain cellular mechanisms, including
movement of transposable elements, replication slippage and unequal
crossing-over within the genome.17 InDel is an important phenom-
enon, which can exert a deleterious as well as beneﬁcial effect on
particular loci within the genome.18,19 These InDels are valuable com-
plement to other sequence-based genetic markers like SSRs and SNPs
and well recognized as an effective marker system for genetic analysis
in crop plants primarily due to myriad desirable inherent genetic attri-
butes such as multi-allelic and co-dominant inheritance and wide gen-
omic distribution. Besides, the InDel markers are easily detectable at a
genome-wide scale (gene level) in silicowith low cost, labor and time via
comparison of freely accessible genomic (transcriptomic) sequence re-
sources of different available genotypes through computational genom-
ics tools. In addition to the user-friendly mining approach, these
markers can be preferably selected on the basis of their predicted frag-
ment length variations and further validated/genotyped in germplasm
lines and mapping populations using a simple cost-effective agarose gel-
based assay. This makes InDels an ideal marker system of choice for di-
verse genomics-assisted breeding applications in crop plants.15–17,20–23
Much recently, the completion of genome sequencing of desi
(cv. ICC 4958) and kabuli (cv. CDC Frontier) cultivars of chickpea
has accelerated the process of genome resequencing of diverse desi,
kabuli and wild accessions.2,14 It would be thus interesting to develop
informative InDel markers in silico at a genome-wide scale by
comparing these publicly accessible genomic (gene) sequences of differ-
ent chickpea accessions with sub-optimal use of resources. Furthermore,
the large-scale validation and genotyping of these developed InDel mar-
kers in natural germplasm lines and mapping populations with higher
marker genetic polymorphic potential, could be utilized for construc-
tion of high-resolution genetic linkage maps as well as molecular map-
ping and genetic association analysis in order to identify trait-regulating
genes/QTLs for marker-assisted genetic enhancement of chickpea.
In light of the above, the present study has made an effort to develop
large-scale genome-wide InDel markers and to determine their genomic
constitution in the chickpea genome. The potential of these markers
was assessed to detect intra-speciﬁc polymorphism and genetic diversity
among desi, kabuli and wild accessions, and construct high-density
inter-speciﬁc genetic linkage map of chickpea. As a proof of concept,
this InDel markers-based high-resolution genetic linkage map was uti-
lized as a reference to identify and map the major genomic regions
harboring robust QTLs governing ﬂowering and maturity time, with
an aim to accelerate genomics-assisted breeding in chickpea.
2. Materials and methods
2.1. Discovery of genome-wide InDelmarkers in chickpea
The high-quality FASTQ sequence reads generated from whole-
genome resequencing of four chickpea accessions (desi cv. ICC 4958
and ICC 4951, kabuli cv. ICC 12968 and wild Cicer reticulatum cv.
ICC 17160) were acquired.14,24 The mapping of sequence reads of
three chickpea accessions onto the chromosome pseudomolecules of
reference desi (ICC 4958) genome and detection of high-quality In-
Dels among accessions were performed following Jain et al.20 A highly
stringent criteria with a minimum read depth of 10 and a minimum
sequence variant frequency (polymorphism call rate) of >85% as
well as the presence of at least one InDel within a 50-bp window
were considered relevant for screening and detection of high-quality
(minimal false-positive) InDels among four chickpea accessions.
About 200–300 bp high-quality genomic sequences of ICC 4958
ﬂanking the either side of identiﬁed InDels were retrieved. The for-
ward and reverse primers targeting these InDels-carrying sequences
were designed using the generic primer interface of BatchPrimer3
(http://probes.pw.usda.gov/batchprimer3) to develop genome-wide
InDel markers. The genomic distribution of InDel markers on
chromosome pseudomolecules of desi chickpea genome was deter-
mined and visualized using Circos visualization tool.11 To determine
the precise distribution of InDel markers in the diverse intergenic as
well as coding and non-coding sequence components of genes/gen-
omes (chromosomes/pseudomolecules and unanchored scaffolds),
the physical positions (bp) of InDel markers were integrated/correlated
with the GFF ﬁle containing genome annotation of desi chickpea
(CGAP v1.014) using the customized Perl scripts. The putative func-
tion of InDel markers-carrying genes was predicted according to
desi genome annotation14 and PFAM database v27.0 (http://pfam.
sanger.ac.uk).
2.2. Experimental validation, polymorphism and genetic
diversity potential of InDel markers
To assess the ampliﬁcation and polymorphic potential of developed
InDel markers, the InDel markers showing ≥10 bp in silico fragment
length polymorphism among accessions were PCR ampliﬁed using the
genomic DNA of 24 chickpea accessions. This included four acces-
sions (ICC 4958, ICC 4951, ICC 12968 and ICC 17160) from
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which the InDel markers were originally identiﬁed, and 20 additional
desi (9) and kabuli (11) accessions (Supplementary Table S1). The
standard PCR constituents and touchdown thermal cycling proﬁling
for PCR ampliﬁcation and 2.5% agarose gel to resolve the ampliﬁed
PCR products were utilized as per Kujur et al.10 For experimental val-
idation of InDel markers revealing 2–9 bp in silico fragment length
polymorphism among accessions, these markers were PCR ampliﬁed
using the genomic DNA of 24 aforesaid chickpea accessions. The
ampliﬁed PCR products were puriﬁed and sequenced in both forward
and reverse directions twice on a capillary-based automated DNA se-
quencer (Applied Biosystems, ABI 3730xl DNA Analyzer, Vernon
Hills, IL, USA) using the BigDye Terminator v3.1 sequencing kit.
The high-quality consensus sequences obtained for each InDel marker
were aligned and compared among accessions used. The genotyping
data of validated InDel markers were utilized to estimate the average
polymorphic alleles per marker, percent polymorphism and poly-
morphism information content (PIC) among chickpea accessions
employing the PowerMarker v3.51.25 The genetic diversity and phylo-
genetic relationships among accessions were determined using the
genotyping data of validated polymorphic genome/gene-derived
InDel markers. The Nei and Li similarity coefﬁcient-based neighbor
joining (NJ) method (with 1,000 bootstrap replicates) of PowerMar-
ker v3.51was employed for clustering analysis and construction of un-
rooted phylogenetic tree among accessions.
2.3. Genetic linkage map construction
The InDel markers showing polymorphism between ICC 4958 and
ICC 17160 were PCR ampliﬁed and genotyped using 190 individuals
and parental accessions derived from an F5 inter-speciﬁc mapping
population (ICC 4958 × ICC 17160), following the aforementioned
methods of agarose gel- and PCR amplicons resequencing-based as-
says. The genotyping data were analyzed employing the χ2-test (P <
0.05) to assess their goodness-of-ﬁt to the expectedMendelian 1:1 seg-
regation ratio. The MAPMAKER/EXP 3.026 was used to estimate
linkage analysis among the InDel markers, basing upon which differ-
ent linkage groups (LGs) were classiﬁed. For further validation of
linkages among markers, the genotyping data of markers grouped
by MAPMAKER were analyzed through JoinMap 4.1 (http://www.
kyazma.nl/index.php/mc.JoinMap) at higher logarithm of odds
(LOD) threshold (4.0–8.0) with Kosambi mapping function. The
InDel markers were incorporated into deﬁned LGs (designated LG1
to LG8) based on their centiMorgan (cM) genetic distances and corre-
sponding marker physical positions (bp) on the chromosomes. An
inter-speciﬁc genetic linkage map was ﬁnally constructed and visua-
lized using MapChart v2.2.10
2.4. QTL mapping
The 190 individuals along with parental accessions of an inter-speciﬁc
mapping population (ICC 4958 × ICC 17160) were grown in the ﬁeld
for two consecutive years during crop-growing season at two diverse
geographical locations of India. Additionally, greenhouse trial was
performed to measure the ﬂowering and maturity time response of
mapping individuals under both long- and short-day conditions at
22 ± 2°C. The days to 50% ﬂowering (DF) and maturity (DM) time
of each mapping individual (10–12 representative plants from each in-
dividual) was measured by counting the number of days from sowing
(ﬁrst irrigation) to the stage when 50% of their plants have begun to
ﬂower and 90%of pods havematured and turned yellow, respectively.
The homogeneity, frequency distribution, coefﬁcient of variation (CV)
and broad-sense heritability (H2) of DF and DM traits in mapping
population were determined following Bajaj et al.27
For QTL mapping, the genotyping data of InDel markers physic-
ally/genetically mapped on eight LGs/chromosomes and ﬁeld pheno-
typic data (DF and DM) of 190 mapping individuals and parental
accessions were correlated using composite interval mapping (CIM)
function of MapQTL 6.28 The LOD threshold score of more than
4.0 at 1,000 permutations was considered signiﬁcant (P < 0.05) to
identify and map the major QTLs on LGs governing DF andDM traits
in chickpea. At signiﬁcant LOD, the positional genetic effect and
phenotypic variation explained (PVE) by QTLs were measured.
QTLNetwork v2.0 was used to determine the additive effect of mark-
er loci underlying the QTLs. At 1.5-LOD support intervals (95%
bootstrap CI), the conﬁdence intervals (CI) around each signiﬁcant
major QTL peak was estimated.
3. Results and discussion
3.1. Genomic constitution of InDel markers in chickpea
genome
The comparison of resequencing data of three chickpea accessions
ICC 4951 (cultivated desi), ICC 12968 (cultivated kabuli) and ICC
17160 (wild C. reticulatum) with reference genome of desi accession
(ICC 4958) developed a total of 21,499 InDel markers (Fig. 1, Supple-
mentary Table S2). These developed markers with diverse potential of
detecting in silico InDel polymorphism in all possible-pair combin-
ation of four different chickpea accessions were physically mapped
on the eight chromosomes and unanchored scaffolds of desi chickpea
genome (Fig. 2A–D). A maximum of 16 839 (78.3%) markers show-
ing in silico InDel-based fragment length polymorphism between ICC
4958 and ICC 17160, followed by 4699 (21.8%) markers between
ICC 4958 and ICC 12968 and 3252 (15.1%) markers between ICC
4958 and ICC 4951, and minimum of 1173 (5.4%) markers between
ICC 4951 and ICC 17160 were identiﬁed (Fig. 2A–C). Interestingly,
markers designed from 694 (3.2%) InDels were found to be common-
ly polymorphic among all four chickpea accessions used. The observed
InDelmarker-based genetic polymorphism overall reﬂect the close phylo-
genetic relatedness of desi rather than kabuli with wild accessions and
evolutionary divergence of cultivated accessions from a common wild
progenitor C. reticulatum as well as existence of a domestication-led
bottleneck in cultivated desi and kabuli chickpea.2,14,29,30 Remarkably,
in silico fragment length polymorphism detected by markers based on
their size (bp) of InDels varied from 2 to 54 bp with an average of
6 bp (Supplementary Table S3). More than 76.8% (16,510) InDel mar-
kers showed 2 to 6 bp in silico fragment length polymorphism, whereas
remaining 23.2% (4,989) markers had 7 to 54 bp fragment length poly-
morphism (Supplementary Figure S1). This trend of proportionate distri-
bution of two different kinds of fragment length polymorphisms (2 to
6 bp: 75.3 to 87.5%and 7 to 54 bp: 12.5 to 24.7%) showing InDel mar-
kers detected in each possible-pair combination of four chickpea acces-
sions used, remained almost similar (Supplementary Figure S1). A
relatively higher frequency of markers with smaller size InDels (2 to
6 bp) identiﬁed in chickpea could be due to the use of NGS-based
short sequence reads (<200 bp) and/or user-speciﬁc computational gen-
omics tools/algorithms for detection of InDels among chickpea acces-
sions at a genome-wide scale.33
Of the designed 21,499 InDel markers, 7,643 and 13,856 markers
were physicallymapped on eight chromosomes (Fig. 2D) and unanchored
scaffolds of desi chickpea genome (Supplementary Table S1). Highest and
lowest number of InDel markers were mapped on chromosomes 3 (1,468
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markers with a mean map density: 15.9 kb) and 7 (488 markers with a
mean map density: 17.3 kb), respectively. Interestingly, almost a similar
level of map density of InDel markers was observed in all eight chickpea
chromosomes, while it ranged from15.4 kb for chromosome 6 to 18.8 kb
in chromosome 8 with an average of 16.3 kb (Supplementary Table S1).
Notably, only 120 (23.1%) of 520Mb draft scaffold sequence (covering
∼70% of 740Mb estimated genome size of desi chickpea) has been an-
chored onto eight chromosome pseudomolecules of chickpea genome so
far.14 The probability of physical mapping of InDel markers derived from
the unanchored scaffolds onto chromosomes can be enriched by a subse-
quent increase in anchoring proportion of these scaffolds across the eight
chickpea chromosomes. The detailed structural annotation of 21,499
InDel markers exhibited the presence of 16,993 (79%) and 4,506
(21%) markers in the intergenic regions and 3,228 protein-coding
genes, respectively (Fig. 2E). Notably, we observed the presence of
InDel markers in the 3,228 genes representing 11.7% of the total genes
(27,571) annotated from desi chickpea genome. This is almost compar-
able with the proportionate occurrence (9–10%) of InDels-carrying
genes documented in many crop plants, including sorghum and Arabi-
dopsis.23 The gene-derived InDel markers included a maximum of
3,420 (75.9%) markers from the intronic sequence components of
2,238 genes, followed by 544 (12.1%) markers from the CDS of 487
genes, 290 (6.4%) markers from the downstream regulatory regions
(DRRs) of 278 genes and minimum of 252 (5.6%) markers from the up-
stream regulatory regions (URRs) of 225 genes (Fig. 2E). Among the cod-
ing sequence variants, 87% of InDel markers affected initiation and stop
codons as well as frameshift mutations. Interestingly, in both the genes
and intergenic regions of desi chickpea genome, we observed a
signiﬁcantly higher relative distribution of InDel markers revealing 2 to
6 bp (75.7 to 77.1%) than 7 to 54 bp (22.9 to 24.3%) in silico fragment
length polymorphism among four chickpea accessions (Supplementary
Figure S1). The functional annotation of 4,506 InDel markers-containing
3,228 genes revealed theirmaximumcorrespondencewith genes encoding
growth, development and metabolism-related proteins (34%), followed
by transcription factors (14%) and signal transduction (10%) and disease
resistance-related proteins (6%), and minimum to transposons/retrotran-
sposons (1%). In contrast to previous reports (60–70%) in many crop
plants,23,31 a lower abundance of transposons/retrotransposons-
associated InDel markers was observed in chickpea genome.
Collectively, the structurally and functionally annotated InDel mar-
kers derived from the diverse sequence components of the genome/genes
are speciﬁcally responsible for frameshift mutations due to disruption of
ORFs (open-reading frames) in the coding regions. These probably have
large impact on transcriptional gene regulation (expression) leading to
alteration of gene functions in chickpea. While comparing the average
frequency between coding-InDel polymorphism and non-synonymous
SNP substitutions detected among four chickpea accessions, we ob-
served a higher frequency of non-synonymous mutations (506 SNPs/
Mb) than that of InDels (252 InDels/Mb) causing frameshift mutations
in the coding regions of chickpea genes.
3.2. Ampliﬁcation and polymorphic potential of InDel
markers
To determine the ampliﬁcation and polymorphic potential of designed
InDel markers, 6,580, including 3,042 and 3,538 InDel markers
Figure 1. Schematic illustrating the major steps followed for successful development, validation and genotyping of InDel markers derived from diverse intergenic
and gene (coding and non-coding) sequence components of chickpea genome for their genomics-assisted breeding applications. The forward (F) and reverse (R)
primers designed from the sequences ﬂanking the target InDels were developed as InDel markers and ampliﬁed in a diverse set of desi, kabuli and wild natural
chickpea accessions and individuals of a mapping population. This ﬁgure is available in black and white in print and in colour at DNA Research online.
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revealing 10–54 and 2–9 bp in silico fragment length polymorphism
among four chickpea accessions, were selected for experimental valid-
ation using the agarose gel- and PCR amplicons resequencing-based
assays, respectively. The overall criteria used to select InDel markers
from the total 21,499 designed markers for our experimental valid-
ation study is depicted in Supplementary Figure S2. All the 6,580 se-
lected markers were validated primarily by gel- and sequencing-based
assays using the genomic DNA of four chickpea accessions (ICC 4958,
ICC 4951, ICC 12968 and ICC 17160), fromwhich the InDel markers
were originally detected. This included 694 markers showing in silico
fragment length polymorphism commonly among all four chickpea
accessions. Notably, 6,482 of 6,580 markers produced single repro-
ducible PCR amplicons in 2.5% agarose gel with a mean ampliﬁca-
tion success rate of 98.5% (Fig. 3A). Of these, 6,254 (96.5%)
ampliﬁed markers showing in silico polymorphism at least between
two combination of four chickpea accessions were validated experi-
mentally using both agarose gel- and PCR amplicons resequencing-
based assays (Fig. 3A, Supplementary Figure S3). The validation and
genotyping of InDel markers particularly by PCR amplicons
resequencing-based assay conﬁrmed the presence of expected InDels,
which further corresponded well with their in silico fragment length
polymorphism detected among four chickpea accessions (Supple-
mentary Figure S3).
The 6,254 informative polymorphic InDel markers were further
genotyped in a diverse set of 24 desi, kabuli and wild accessions to as-
sess their potential for detecting polymorphism among these chickpea
accessions (Fig. 3A, Supplementary Figure S3). These markers overall
produced 15,623 alleles (with an average PIC of 0.71) among acces-
sions. The number of alleles detected by these markers varied from
1 to 3 with an average of 2.5 alleles per marker. Six thousand
forty-eight (96.7%, mean PIC: 0.65) of 6,254 markers showed poly-
morphism between cultivated and wild chickpea accessions. Five
thousand one hundred ninty-two (83%, mean PIC: 0.60) of 6,254
markers were found to be polymorphic between desi and kabuli. Not-
ably, 4,315 (69%) markers revealed polymorphism among 11 desi ac-
cessions (1 to 3 alleles with mean PIC: 0.57), whereas 3,746 (59.9%)
markers exhibited polymorphism among 12 kabuli accessions (1 to 2
alleles with mean PIC: 0.51).
The inter-speciﬁc (96.7%) and also intra-speciﬁc (60–83%) poly-
morphic potential detected by the InDel markers among desi, kabuli
Figure 2.Genomic constitution and genome-wide distribution pattern of 21,499 InDelmarkers developed by comparing the genome sequences of four different desi
(ICC 4958 and ICC 4951), kabuli (ICC 12968) and wild (ICC 17160) chickpea accessions. InDel markers identiﬁed from diverse possible-pair combination (indicated by
individual circles) of four accessions that were physically mapped on eight chromosomes (A) and unanchored scaffolds (B) as well as sum of the whole chickpea
genome (C) are depicted by Venn diagrams. (D) The frequency and relative distribution of 7,643 InDel markers physically mapped on eight chromosomes of desi
chickpea genome are illustrated by a Circos circular ideogram. The outermost circles signify the different physical size (Mb) of eight chromosomes coded with
multiple colors as per the pseudomolecule size documented in desi chickpea genome.14 (E) Relative frequency of 21,499 InDel markers identiﬁed from the
intergenic and various coding and non-coding (introns and regulatory regions) sequence components of 3,228 genes annotated from desi genome. Parenthesis
indicates the proportion (%) of InDel markers. The CDS (coding sequences), URR (upstream regulatory region) and DRR (downstream regulatory region) of
protein-coding genes were deﬁned according to the available gene annotation of desi chickpea genome.14 This ﬁgure is available in black and white in print and
in colour at DNA Research online.
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and wild chickpea accessions is much higher than that estimated
especially with random genome-wide SSR and SNP markers (∼35%)
as well as in silico polymorphic SSR and SNP markers (50–
60%).5,7,32,33 The informative InDel markers with high intra-speciﬁc
polymorphic potential developed by us at a genome-wide scale could
serve as a valuable resource for their immense use in genomics-assisted
breeding applications of chickpea. The aforementioned marker valid-
ation outcomes speciﬁcally inferred that 3,042 validated InDel markers
revealing 10–54 bp in silico fragment length polymorphism among desi,
kabuli and wild accessions have efﬁciency to be resolved and genotyped
even by a simpler cost-effective agarose gel-based assay using numerous
chickpea accessions.
3.3. Genetic diversity potential of InDel markers
The evaluation of genetic diversity level based on pair-wise similarity
among 24 desi, kabuli and wild chickpea accessions using 6,254
genome/gene-derived polymorphic InDel markers revealed a wide
range of distance coefﬁcient from 0.15 to 0.89 with an average of
0.57. The genetic distance among 23 cultivated desi and kabuli
accessions ranged from 0.20 to 0.81 with an average of 0.51.
The level of genetic diversity (15 to 89%) measured among the ac-
cessions using the InDel markers is comparatively much higher
than that estimated previously with the microsatellite and SNP
markers.5,7,10,11,34 A higher efﬁciency of InDel markers in assaying
genetic diversity implies their signiﬁcance in establishing distinctness
among cultivated (desi and kabuli) and wild accessions and thus
could be deployed in genomics-assisted varietal improvement pro-
gram in chickpea. The genetic relationship among 24 desi, kabuli
and wild chickpea accessions was depicted by an unrooted phylo-
genetic tree (Supplementary Figure S4). The genome/gene-derived
InDel markers clearly discriminated all these accessions from each
other and clustered into two major desi and kabuli groups. One
wild C. reticulatum accession ICC 17160 being divergent from culti-
vated accessions; however, showing close evolutionary relationships
with desi chickpea was clustered within a desi group. This overall re-
ﬂects the correspondence of clustering patterns observed among
these accessions with the known cultivar-speciﬁc origination, pedi-
gree relationships and parentage.5,7,10,11,34
3.4. Generation of a high-density InDel marker-based
inter-speciﬁc chickpea genetic linkage map
For constructing a high-resolution inter-speciﬁc genetic linkage map,
6,219 InDel markers revealing polymorphism between parental acces-
sion ICC 4958 and ICC 17160 were genotyped among 190 indivi-
duals of a F5 mapping population (ICC 4958 × ICC 17160). The
co-dominant inheritance pattern of the InDel markers was evident
Figure 3. (A) Allelic polymorphism detected among 24 desi, kabuli and wild chickpea accessions along with four control accessions (ICC 4958, ICC 4951, ICC 12968
and ICC 17160; from which sequences the InDel markers were originally identiﬁed) using a representative intergenic InDel marker (CID_C_1862732) in gel-based
assay. A maximum number of three polymorphic alleles was ampliﬁed among accessions. The detailed information regarding accessions are provided in the
Supplementary Table S1. (B) Allelic segregation pattern of a selected intronic InDel marker (CID_C_11555849) in a representative set of 22 individuals and two
parental accessions of an inter-speciﬁc mapping population (ICC 4958 × ICC 17160) scanned using agarose gel-based assay. Asterisk indicates the heterozygous
alleles ampliﬁed by this InDel marker in two selected mapping individuals. The ampliﬁed fragment sizes (bp) of the polymorphic alleles are indicated. M: 50 bp
DNA ladder size standard. The identities of two InDel markers with their detailed information are mentioned in the Supplementary Table S3.
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from their efﬁciency to discriminate homozygous mapping individuals
of either of the parental accessions from heterozygous individuals
(Fig. 3B). This suggests the broader practical applicability of
developed genome-wide InDel markers for multiple large-scale rapid
genotyping applications, including their suitability in construction of
high-density genetic linkage maps and molecular mapping of high-
resolution QTLs. By performing linkage analysis using the 6,219
marker genotyping data, we mapped 6,197 InDel markers across
eight LGs of an inter-speciﬁc chickpea genetic map (Table 1,
Fig. 4A). Highest number of markers were mapped on CaLG04
(1,123 markers), followed by CaLG03 (1,011 markers) and lowest
on CaLG07 (457 markers). The generated eight LGs-based genetic
maps spanned a total map length of 1,311.9 cM, with a mean inter-
marker distance of 0.212 cM (Table 1). CaLG03 and CaLG07 had
longest and shortest map length spanning 199.4 and 135.3 cM, re-
spectively. Most saturated genetic map was constructed in case of
CaLG04 (mean inter-marker distance: 0.162 cM), followed by
CaLG06 (0.175 cM) and least saturated map was generated for
CaLG01 (0.253 cM) (Table 1). An InDel marker-based inter-speciﬁc
genetic linkage map (ICC 4958 × ICC 17160) generated in our study
had greater map density (inter-marker distance: 0.212 cM) and thus
highly saturated when compared with that reported so far in multiple
Table 1. Characteristics of an inter-speciﬁc genetic linkage map
constructed using a 190 F5 chickpea mapping population (ICC
4958 × ICC 17160)
Linkage
groups (LGs)
InDel markers
mapped
Map length
covered (cM)
Mean inter-marker
distance (cM)
CaLG01 651 164.8 0.253
CaLG02 697 171.9 0.247
CaLG03 1,011 199.4 0.197
CaLG04 1,123 181.9 0.162
CaLG05 808 167.1 0.207
CaLG06 805 140.9 0.175
CaLG07 457 135.3 0.296
CaLG08 645 150.6 0.233
Total 6,197 1,311.9 0.212
Figure 4. (A) A high-resolution inter-speciﬁc genetic map (ICC 4958 × ICC 17160) constructed by integrating 6,197 InDel markers on eight LGs of chickpea, are
depicted in a Circos circular ideogram. The outermost circles represent the different genetic map length (cM) (spanning 20 cM uniform genetic distance
intervals between bins) of eight LGs coded with multiple colors. (B) The integration of genetic and physical maps delineated ﬁve InDel markers-containing
candidate genes at three major genomic regions harboring six robust DF and DM QTLs mapped on three desi chromosomes 1, 2 and 3. The InDel
markers-carrying genes showing strong linkage with DF and DM QTLs selected as potential candidate for ﬂowering and maturity time regulation in chickpea are
highlighted with red color. The genetic (cM)/physical (bp) distance and identities of the InDel markers mapped on the LGs/chromosomes are indicated on the right
and left side of the LGs/chromosomes, respectively. The detail information regarding InDel markers and QTLs are mentioned in Supplementary Table S3 and
Table 2. This ﬁgure is available in black and white in print and in colour at DNA Research online.
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intra- and inter-speciﬁc mapping population-derived genetic maps
(0.50–8.01 cM) of chickpea.5,7,8–10,12,27,35
3.5. Molecular mapping of QTLs governing ﬂowering
and maturity time in chickpea
A signiﬁcant phenotypic difference of DF (25.7–111.0 with 81% H2)
and DM (86.4–151.3 with 85%H2) traits in 190mapping individuals
(ICC 4958 × ICC 17160) and two parental accessions across 2 years
was observed based on ANOVA (Supplementary Table S4). ANOVA
outcomes inferred existence of a highly signiﬁcant difference (P <
0.001) of DF and DM traits among the mapping individuals although
signiﬁcant environmental (years) effects observed on these two traits
in both seasons/years. A bi-directional transgressive segregation, in-
cluding normal frequency distribution of DF and DM traits in map-
ping individuals and parental accessions across 2 years, was
obtained (Supplementary Figure S5A and B). These results collectively
indicate that the complex quantitative genetic inheritance pattern of
DF and DM traits in our developed inter-speciﬁc mapping population
(ICC 4958 × ICC 17160) are regulated by multiple genes and thus
have signiﬁcance to be utilized for QTL mapping.
The 2 years multi-location ﬁeld phenotyping data of DF and DM
traits and genotyping information of 6,197 InDel markers genetically
mapped on eight LGs were integrated for molecular mapping of
QTLs. This analysis identiﬁed three major genomic regions harboring
three of each signiﬁcant (LOD: 8.1–11.5) DF (CaqDF1.1, CaqDF2.1
and CaqDF3.1) and DM (CaqDM1.1, CaqDM2.1 and CaqDM3.1)
QTLs that were mapped across three LGs (CaLG01, CaLG02 and
CaLG03) (Table 2, Fig. 4B). The individual major QTL explained
17.5–27.5% and 16.4–26.9% phenotypic variations (R2) for DF
and DM traits, respectively. The PVE measured for all three of each
robust DF and DM QTLs in combination was 68 and 65%, respect-
ively. The identiﬁed six DF and DMQTLs being validated and exhib-
ited consistent PVE (>10% R2) at higher LOD (8.1–11.5) across two
seasons (years) were considered as robust QTLs. Three major genomic
regions (1.036, 1.555 and 1.292 cM marker genetic intervals on
CaLG01, CaLG02 and CaLG03, respectively) underlying these six ro-
bust DF and DMQTLs spanned with 45 InDel markers, were mapped
on three different genomic regions with similar marker intervals across
three LGs (Fig. 4B). The molecular mapping and clustering of multiple
DF and DMQTLs especially on a single major genomic region of three
LGs infers complex genetic inheritance pattern of these quantitative
traits in chickpea. All these six DF and DM QTLs exhibited positive
additive gene effects (3.9–6.4) for early ﬂowering and maturity time
with major allelic contributions from ICC 4958 (Table 2). This could
be due to strong positive correlation (Pearson’s correlation coefﬁcient,
r: 91%, P < 0.0001) between DF and DM traits observed in an inter-
speciﬁc mapping population (Supplementary Figure S5C). The ﬁve
InDel markers tightly linked to six major DF and DM robust QTLs
identiﬁedbyboth singlemarker- andCIM-basedQTLanalysis (Table 2)
could have potential to be deployed in marker-assisted genetic enhance-
ment for developing early ﬂowering and maturing chickpea cultivars.
To ascertain the novelty of our identiﬁed QTLs, the major genomic
regions harboring six robust DF and DM QTLs were compared with
that documented in earlier QTL mapping studies utilizing diverse
inter- and intra-speciﬁc chickpea mapping populations.4,6,13,36–40 We
could not ﬁnd any correspondence of these identiﬁed DF and DM
QTLs with known QTLs reported previously based on their congruent
genetic or physical positions on chickpea LGs/chromosomes. This indi-
cates that DF and DM trait-associated QTLs identiﬁed by us are novel
and possibly exhibit population-speciﬁc genomic distribution.T
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3.6. Delineation of candidate gene-based InDel markers
regulating ﬂowering and maturity time in chickpea
The integration of genetic linkage map information of InDel markers
spanning six robust DF and DM QTLs with that of physical maps of
desi chickpea genome demarcated these three major QTL intervals
into 89.3 (chromosome 1)–157.2 (chromosome 2) kb physical genom-
ic regions on chromosomes 1, 2 and 3 (Table 2, Fig. 4B). The struc-
tural and functional annotation of these target genomic physical
intervals underlying DF and DM QTLs on three desi chromosomes
identiﬁed multiple candidate protein-coding desi chickpea genes.
Interestingly, ﬁve InDel markers-containing genes among these, at
three target major QTL intervals exhibited tight linkage with six DF
andDM-regulating QTLs based on our high-resolutionQTLmapping
(Table 2, Fig. 4B). One InDel marker (CID_C_477164) in the CDS of
a TCP [Teosinte branched 1 (tb1) Cycloidea, Proliferating cell factor
(PCF)] transcription factor (TF) gene localized at CaqDF1.1 and
CaqDM1.1 QTL region was associated strongly (R2: 25.8–28.6% at
9.8–10.7 LOD) with DF and DM traits (Table 2, Fig. 4B). Another
two InDel markers (CID_C_4642382 and CID_S_5036) in the intron
and CDS of MADS [MCM (Minichromosome maintenance) AGA-
MOUS DEFICIENS SRF (human serum response factor)] and DOF
(DNA-binding One zinc Finger)-TF genes, respectively, annotated at
CaqDF2.1 and CaqDM2.1 QTL region revealed strong association
(R2: 17.5–20.4% at 8.5–9.7 LOD) with DF and DM traits. Addition-
ally, two InDel markers (CID_C_4431329 and CID_S_93427) in the
DRR and introns of Phytochrome F-box and AGAMOUS genes, re-
spectively annotated at CaqDF3.1 and CaqDM3.1 QTL interval
had strong association (R2: 28.7–30.2% at 10.3–11.5 LOD) with
DF and DM traits (Table 2, Fig. 4B). These InDel markers-carrying
genes are known to be involved in transcriptional regulation of
diverse known ﬂowering time pathways in crop plants, including le-
gumes.41–44 The MADS, TCP and DOF transcription factors, and
Phytochrome F-box and AGAMOUS genes have signiﬁcant role in
regulating the ABC model of ﬂower development by deﬁning the gen-
etic mechanism underlying the ﬂoral organ identity and ﬂoral architec-
ture as well as through controlling signal perception during ﬂoral
transitions from vegetative to reproductive phase speciﬁcally in Arabi-
dopsis and other crop plants.45–48 In this context, the InDel
markers-associated QTLs and ﬁve potential candidate genes regulat-
ing ﬂowering and maturity time delineated in the present study, thus
have functional relevance to understand the genetic basis of complex
ﬂowering and maturity time traits in chickpea.
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